Abstract: The paper proposes a methodology of phytogeographical regionalisation using grassland vegetation data. The research area is located in the West Carpathians, in volcanic field with adjacent post-tectonic basins and valleys in the Central Slovakia. The applied techniques were variogram modelling, ordinary kriging and lattice wombling. Phi coefficient was used to determine the diagnostic species of proposed phytochoria (fidelity test). The 1978 unevenly distributed grassland polygons that comprised 1071 taxa of vascular plants were the subject of the analyses. Ecological indicator values for temperature (EITs), weighted by species coverage in the Tansley scale in each grassland polygon, were used for the modelling. The gradients in the surface of the indicator value produced by ordinary kriging were analyzed. The steepest gradients indicate the most radical changes in floristic composition typical of border locations. The steepest gradient divides the study area into main cold and main warm regions. Less intensive gradients determined the position of 15 subdistricts. Subsequently, 7 out of 15 subdistricts were merged on the basis of similar natural conditions and floristic composition into 3 districts. Ten, mostly thermophilous, diagnostic species were determined for the main warm region. Fourteen, mostly psychrophilous, diagnostic species were determined for the main cold region. Subsequently, diagnostic species were determined for districts. High number of diagnostic species (57) characterize the Poľana Mts district. Eleven diagnostic species were determined for the Zvolenská kotlina basin district. The Javorie and Ostrôžky Mts district was very poorly diferentiated with 3 diagnostic species. Such evaluation suggests that proposed methodology allowed for the identification of phytochoria with specific floristic composition. The obtained results are discussed.
Introduction
The delineation of boundaries has been an important concept in ecology for a long time (e.g. Barbujani et al. 1989; Csillag et al. 2001; Laurance et al. 2001; Cadenasso et al. 2003; Fagan et al. 2003; Strayer et al. 2003; Fortin et al. 2005) . Advances in computer science have allowed for the intensive development of approaches to bioregionalisation based on the statistical processing of large ecological datasets (Chytrý et al. 1999; Fortin et al. 2000; Choesin & Boerner 2002; Schmidtlein & Ewald 2003) . Hargrove & Hoffman (2005) provided an overview of quantitative methods specific to the delineation of (eco)regions and their comparison with qualitative (expert driven) approaches. Fortin et al. (2005) reviewed quantitative methods specific to the delineation of species' distributional limits and the characterization of the spatial pattern of borders.
The approach proposed in this paper uses Ellenberg indicator values for temperature (EITs) (cf. Ellenberg et al. 1992) assigned to relevés in grassland polygons for the identification of phytogeographical borders. Despite many objections (e.g. Diekman & Lawesson 1999; Schaffers & Sýkora 2000) , Ellenberg indicator values are broadly used in botany and plant ecology (Diekmann 2003) . Compared to physical and chemical measurements, indicator systems circumvent measuring those resource fractions actually accessible to plants and integrate over the spatial and temporal variability of sites (Jongman et al. 1987) .
The objective of this paper is to propose methodology allowing for data-driven phytogeographical regionalisation and its demonstration. The second objective is to draw attention to the phytogeographical regionalisation of the West Carpathians. In the past, methods and applied data differed between countries in this region and expert driven approaches dominated (Pax 1898; Soó 1933; Balázs 1939; Szücz 1943; Paw lowski 1969 Paw lowski , 1970 . Skalický (1988) Plesník (2002) . The former (and still generally accepted) division was proposed by Futák (1966) . In view of recently developed floristic and vegetation databases, a unified data-driven revision of former regionalisations is a timely task. In particular, this paper focuses on:
1. Description of particular steps of methodology allowing for phytogeographical regionalisation using data from vegetation databases 2. Review of the existing database of grassland vegetation for the purposes of phytogeographical regionalisation.
3. Proposition of the phytogeographical regionalisation of a model region.
4. Determination of diagnostic species for the proposed phytochoria.
Methods
The methodology is based on spatial analysis of grassland floristic data using selected tools of geostatistics and other spatial modelling tools. Ecological indicator values for temperature, weighted by species coverage in the Tansley scale in each grassland polygon, were used for the modelling. Variogram modelling and spatial interpolation based on the ordinary kriging technique were used to produce a surface (map) of EITs for the study region. Subsequently, lattice wombling technique was used to calculate the gradients in this surface. The borders of proposed phytochoria were drawn through the local maximums of gradients. Finally, diagnostic species were determined for the identified phytochoria.
Geostatistical analysis
Recently ecologists have begun to implement primarily two geostatistical methods -variography, which is one way to model spatial dependence, and kriging, which provides estimates for unrecorded locations (Rossi et al. 1992; Liebhold et al. 1993; Sokal et al. 1998) . These methods will also be used in this study.
Variogram
Theoretical variogram is a function describing the degree of spatial dependence of a spatial random field or stochastic process Z(x). It is defined as the expected squared increment of the values between two locations (Wackernagel 2003) . It is obtained by fitting a function through the empirical variogram. The empirical variogram is used in geostatistics as a first estimate of the theoretical variogram needed for spatial interpolation by kriging. Formally, this is given as:
where z(xi) is variable at position x, z(x i+h ) denotes a variable separated by vector h (lag), with specified magnitude and direction. N(h) is the total number of pairs used to compute the value of the variogram for a specified lag.
Kriging
Kriging is a generic name adopted by geostatisticians for a family of generalized least-square regression algorithms (Webster 1996) . The correlation between source data (expressed in terms of variogram) determines the estimated value at an unsampled location. General kriging model is of the form:
where µ(x) is a mean function and ε(x) is a random error process, with E (ε(x)) = 0. As the data used in this study fits the assumption of stationarity and univariate prediction is intended, ordinary kriging will be considered herein. This is of the form:
where Z (x0) is an estimator at site x0 given by the linear combination of random variables Z(xi) at sites xi. The unbiasedness of the prediction and the smallest mean square error of prediction (prediction variance) are ensured. A more detailed description can be found in Isaaks & Srivastava (1989) , Wackernagel (2003) and Olea (1999) .
Stationarity assumption
The assumption of spatial stationarity must be met to build a proper variogram and use ordinary kriging. Assuming the phenomenon of interest is thought of as spatial process Z(x) generating EITs at positions x, and z(x) are EITs values, spatial stationarity implies that statistical moments (mean and variance) are constant over the considered spatial domain. Thus:
where E is the expected value, m is a constant mean, h is a vectorial distance in the sampling space and Cov(h) is the covariance of the random function (Olea 1999) . As both constant covariance under the translation and existence of random function variance is required, this may be relaxed into the form of:
where 2γ denotes the semivariogram of the random function.
Lattice wombling
Wombling is a general method for identifying zones of abrupt change (Womble 1951) . It is a kernel-based technique, i.e. a kernel of specified size passes through the sampling and computes rates of change among neighbouring sampling units. These can be calculated as absolute differences, first or second partial derivatives of each of four quadrates forming a square (Fortin et al. 2000) . A boundary is identified from spatially adjacent locations which are characterized by high values of the rate of change. Species fidelity test Diagnostic taxa of individual phytochoria were determined by calculating fidelity of each species to respective phytochorion. Fidelity was determined using phi coefficient, which is a measure of the statistical association of the occurrence of individual species to respective phytochorion (Chytrý et al. 2002) . Species exceeding an arbitrary fidelity threshold value of phi = 0.27 were determined as diagnostic. Such threshold was determined subjectively so that the numbers of determined diagnostic species were interpretable. Coefficient's statistical significance was tested using Fisher's exact test (Sokal & Rohlf 1995) (p < 0.001). Both criteria the threshold value and test of statistical significance had to be met to enlist the species as diagnostic. Species nomenclature follows Marhold & Hindák (1998) , syntaxa nomenclature follows Jarolímek et al. (2008) .
Region of interest
The area of focus of this paper is the Central Slovakia volcanic field with adjacent post-tectonic basins and valleys (cf. Vass et al. 1986 ) measuring 2445 km 2 . There is also the contact zone of three geomorphological regions -the Slovenské stredohorie, the Fatra-Tatra, and the Slovenské rudohorie regions (cf. Mazúr & Lukniš 2002) . Morphologic diversity (mountains vs. basins) is enhanced by the complicated geological setting as well as by a broad spectrum of floristic taxa. These range from xerotermophilous (e.g. Adonis aestivalis, Crepis foetida subsp. rhoeadifolia, Eryngium campestre, Lathyrus nissolia, Lithospermum arvense, Stipa spp. etc.) to mountainous (e.g. Anemone narcissiflora, Campanula alpina, Homogyne alpina, Ligusticum mutellina, Oreogeum montanum, Saxifraga paniculata, Veratrum album subsp. lobelianum). The units ranging from Potentillo albae-Quercion to Eu-Fagenion p. p. maj. represent the potential vegetation of the region. Except for mostly secondary forests, grasslands are dominating vegetation type in the region. Elevation ranges from 223 to 1750 m a.s.l. (Fig. 1) .
Data description and preprocessing
The data (taxa of vascular plants) was gathered within the cluster of projects focused on the establishment of the NATURA 2000 network in Slovakia. The database has been in the process of compilation since 1990. Today it comprises more than 90% of the total estimated area of the grassland of Slovakia. All grasslands were identified using aerial imagery and subsequently mapped in the field by 22 surveyors during 1995-2005. Only seminatural grasslands, not intensified and overgrown by trees and shrubs, were mapped. All taxa and their coverage in the Tansley scale (Tansley & Chip 1926) were noted. Mapping methodology was described by Šeffer et al. (2000) . Forest vegetation records were not used because of long-term human influence on forests in the study region.
The data was thoroughly reviewed prior to the intended analyses. The removed records were species not occurring within the broader extent of the study region (e.g. Veratrum album subsp. album, Vicia biennis) and highmountain species from mountains outside the study region (Delphinium elatum, Trifolium orbelicum). Invasive neophytes (e.g. Echinocystis lobata, Galinsoga urticifolia, Heracleum mantegazzianum), cultivated taxa (e.g. Fallopia aubertii, Lathyrus odoratus, Pimpinella anisum, Sempervivum tectorum) and taxa determined only as genus (i.e. without the possibility of assigning an ecological indicator value), were also excluded ( Table 1) .
Assignment of EITs to species' records was done using the JUICE 7.0 program (Tichý 2002) . Taxa recorded in the region take on a range of EITs 1-8, what indicates species transition from thermophilous to psychrophilous. To facilitate the geostatistical analysis, the cover-weighted average of EITs in each polygon was assigned to the polygon's centre point (Fig. 2) . The weights were calculated as the coverage of species recorded in a polygon in the Tansley scale.
Results

Variographic analysis, ordinary kriging and gradients
Despite temperature related data being analyzed, neither trend nor anisotropy were confirmed at the scale of observation. To construct the variogram, the lag distance was set to 450 m and the number of lags to 40. The angular tolerance was set to 18
• and the lag tolerance to 0.5 of lag length. Two structures were used to fit the empirical values -nugget effect component (36% of total variance) and isotropic spherical variogram (range 12 km, sill 1.1). Stationary univariate data allowed for the use of ordinary kriging for predictions. Uncertainty of prediction indicated by e.g. kriging variance was not investigated.
Standard GIS techniques were used to calculate the gradients in the produced surface of EITs. The boundaries were drawn by hand through local maximums of gradients, forming the ridgelines.
Proposal of the phytogeographical division
Fifteen fundamental units of spatial division (subdistricts) were determined using the techniques described above. Subsequently, three hierarchical level of division were proposed -subdistricts, districts and regions (Fig. 3) . The higher levels of division were designed on the bases of intensity of gradients (the most intensive gradients separate the regions) and by merging some subdistricts into districts on the basis of similar natural conditions and floristic composition. Seven adjacent subdistricts formed three districts -the Zvolenská kotlina basin district, the Javorie and Ostrôžky Mts district and the Poľana Mts district. District's names were proposed on the basis of geomorphologic units overlapping with district's positions. The remaining eight subdistricts represented smaller parts of phytochoria stretching to the study region from the outside.
The Zvolenská kotlina basin district represents the warmest part of the study region with high occurence of xerothermophilous species (e.g. Allium sphaerocephalon, Lathyrus latifolius, Leopoldia comosa, Quercus cerris). In contrast, the Poľana Mts district belongs to the coldest part of the study region with significant occurence of mountanous taxa (e.g. Paris quadrifolia, Picea abies, Trommsdorffia uniflora). Altitudinal arrangement and climate of the Javorie and Ostrôžky Mts district is transient between the former two districts.
The main warm and main cold regions represent the highest level of division with markedly different natural conditions. Continental climate, lower elevations and frequent temperature inversions are typical of the main warm region (Polčák 2008) . In contrast, the main cold region is situated in mountainous positions with much colder climate.
Determination of diagnostic species
Phi coefficient was used to determine the diagnostic species for two regions and three districts. Ten diagnostic species were determined for the main warm region (Table 3) . Most of them are coherently distributed thermophilous species with EITs of 6 (e.g. Agrimonia eupatoria, Daucus carota, Cichorium intybus, Salvia pratensis). Fourteen diagnostic taxa were determined for the main cold region. Picea abies and Carlina acaulis represent psychrophilous species. High frequency of Picea abies in grassland polygons in this region suggest gradual succession of grassland communities, thus its diagnostic value is questionable. The rest of diagnostic species are either missing in the list of Ellenberg indicator values or are temperature indifferent.
High number of diagnostic species in the Poľana Mts district (57) indicates high diversity of grassland communities, which are significantly different from the remaining districts. Large part of determined diagnostic species is identical with formally defined diagnostic, constant and dominant species of the Violion caninae alliance (Ujházy 2007) .
Eleven diagnostic species were determined for the Zvolenská kotlina basin district. Bromus erectus, Salvia pratensis, Medicago falcata and Colymbada scabiosa also represent the diagnostic species of the Bromion erecti alliance. Plant communities of this alliance are synecologically transitional between subxerophilous grasslands (Škodová 2007) . Javorie and Ostrôžky Mts district is very poorly differentiated with 3 diagnostic species. In general, Jacea pratensis, Agrimonia eupatoria and Potentilla reptans are common species of the wide spread Arrhenatherion elatioris alliance.
Discussion
Diversified approaches to the phytogeographical regionalisation of the West Carpathians resulted in limited knowledge of vegetation distribution in relation to the conditions of the physical environment. The reasons thereof are mainly the different historical development of phytogeography in countries in this region, various methodologies, and heterogeneous data sets (Futák 1966; Skalický 1988; Zemanek 1991a,b; Plesník 2002) . We proposed an approach based on Ellenberg indicator values for temperature, and demonstrated its use in the model region. The approach allows processing other territories using various vegetation and floristic databases, which may be integrated through the system of ecological indicator values. Such methodology avoids time demanding mapping of the physical environment, often needed in bioregionalisation (for example using spatial clustering; Fortin et al. 2005) .
The proposed methodology is based on EITs and grassland floristic data. Such a concept appears applicable for example in the intracarpathian basins with intensive climatic gradients and dominating seminatural grassland vegetation, as has been demonstrated in this study. However, transferability of such methodology to other regions with different environmental condition is questionable. Evidently, underlying floristic and vegetation data and used indicator values are region-specific components of the proposed approach. In this regard, Andersson & Weimarck (1996) , Chytrý et al. (1999) , Petřík & Wild (2006) and Cimalová & Lososová (2009) stated that other ecofactors (moisture, nutrient, continentality, soil reaction, etc.) are also viable for phytogeographical regionalisation. Described data preprocessing techniques and spatial modelling tools can be transferred without any adjustment.
The methodology was demonstrated in the region with rather diverse environmental conditions. This is also the reason of region's ambiguous position in the former phytogeographical regionalisations (e.g. Novák 1954; Dostál 1957 Dostál , 1960 Plesník 2002) . The performed analysis proved the existence of new phytochoria with specific floristic composition. In addition, we found that diagnostic species determined in this study are almost identical with diagnostic and constant species of vegetation units occuring in the proposed districts (cf. Chytrý 2006; Janišová et al. 2007; Jarolímek & Šibík 2008) . This indicates that dominating vegetation units differ between the districts. These species can be thought of as cenoelements.
